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ABSTRACT The silver (svr) gene of Drosophila melano-
gaster is required for viability, and severe mutant alleles result
in death prior to eclosion. Adult flies homozygous or hemizy-
gous for weaker alleles display several visible phenotypes,
including cuticular structures that are pale and silvery in
color due to reduced melanization. We have identified and
cloned the DNA encoding the svr gene and determined the
sequence of several partially overlapping cDNAs derived from
svr inRNAs. The predicted amino acid sequence of the polypep-
tides encoded by these cDNAs indicates that the silver proteins
are members of the family of preprotein-processing car-
boxypeptidases that includes the human carboxypeptidases E,
M, and N. One class of svr mRNAs is alternatively spliced to
encode at least two polyproteins, each ofwhich is composed of
two carboxypeptidase domains.

The silver (svr) gene, which maps near the distal end of the
Drosophila X chromosome, is one of numerous genes required
for the proper melanization and sclerotization of the insect
cuticle (1). The phenotypes associated with mutations in the svr
gene include effects not only on pigmentation but also on
viability, wing differentiation, catecholamine catabolite pools,
and beliavioral responses to light (1). One approach to fur-
thering our understanding of the complex pathways involved in
these processes is to molecularly characterize the genes in-
volved. Here we report on the cloning and characterization of
the svr genet, first identified by Mohr in 1918 and rediscovered
by Bridges in 1921 (2).

MATERIALS AND METHODS
Isolation ofTerminal Deficiencies. Females homozygous for

the third-chromosome mutation mu-2 are defective in their
ability to repair double-stranded chromosome breaks (3). mu-2
females were x-irradiated (1000 roentgens) and crossed to
males carrying a Y chromosome bearing a yellow2 (y2) marked
duplication of the distal tip of the X chromosome. Male F1
progeny receiving a terminally deleted maternal X chromo-
some were identified by theiry2 phenotype. Because they gene
is located distal to svr, such deletions were further tested
genetically to determine whether or not they removed more
proximal genes, including 1(1)EC5, svr, and elav.

Molecular Biological Methods. Preparation of plasmid and
phage DNA was by standard methods (4). Northern blot
analysis and DNA sequencing were done as previously pub-
lished (5). P-element transformation (6) used the vector
pCaSpeR 4 (7). Sequences were analyzed with the University
of Wisconsin Genetics Computer Group suite of programs (8)
and BLAST algorithms on the World Wide Web server at the
National Center for Biotechnology Information.

RESULTS

Localization of the svr Gene. Genetic mapping of the svr
gene determined its location to the distal region of the X
chromosome (2). The cytological location of svr (polytene
band 1B7) is intriguing in that the gene lies amidst a cluster of
genes involved in nervous system development, including the
achaete-scute complex, the elav gene and the 1(1)vnd gene (9).
The previously cloned elav gene (10) provided a starting point
for cloning the svr gene, which is the next identified gene distal
to elav.
The approximate location of the svr gene was determined by

deletion analysis (11). These studies determined that the order
of genes (distal to proximal) in this region was scute, l(1)EC4,
{l(1)EC5, svr}, elav, vnd. Because no terminal deficiency was
available that defined a boundary separating l(1)EC5 and svr,
we carried out a screen for new terminal deficiencies failing to
complement l(1)ECS but complementing svr, or vice versa.

Terminally deficient X chromosomes were generated as
described in Materials and Methods. Two X chromosomes thus
produced, y-(l) and y-(2), were found by genetic complemen-
tation tests to be l(1)EC5- and svr+, suggesting the presence
of a terminal break between these two genes. Polytene cytol-
ogy confirmed the existence of terminal deficiencies with
breakpoints in approximately the correct locations (data not
shown).
A unique feature of one of the two mu-2-derived terminal

deficiencies enabled us to serendipitously determine the distal
boundary of the svr gene with greater precision than that
allowed by mapping the original breakpoint. The ends of such
terminal deficiencies are unstable and display a continuous
loss of terminal sequences, at a rate of -75 bp per generation
(12). During a 1-year period (20-25 generations) after the
isolation of the Df(l)y-(1) chromosome, it lost its previous
ability to complement svr mutations. We hypothesize that this
loss was the result of the terminal deficiency beginning to
delete sequences essential for svr function, thus defining the
distal boundary of the svr gene to the -2-kb region distal to
the molecular position of the breakpoint determined in the
svr- chromosome.
The molecular location of the Df(l)y-(') breakpoint was

determined by Southern blot analysis (Figs. 1 and 2). Probes
for this analysis were radiolabeled restriction fragments from
A phage clones isolated in a chromosomal walk in the elav-vnd
region (10). The region examined included the 35 kb of DNA
situated distal to the previously mapped location of the elav
gene; probes distal to this region were not tested, as they failed
to hybridize in situ to polytene chromosome squashes of the
Df(1)y-(U) chromosome (data not shown). Southern blot anal-
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FIG. 1. Mutations affecting the size of restriction fragments in the
svr gene. Southern blot of EcoRI-digested DNA from either svr73LI2
(lane 1), svrPoi (lane 2), wild-type (lane 3), or Df(1)y-(1) (lanes 4 and
5) flies was probed with the 6.5-, 2.7-, and 1.5-kb EcoRI fragments
(Fig. 2). Size of hybridizing bands is indicated.

ysis of DNA from terminal deficiency-bearing flies revealed a
decrease in the size of a single EcoRI fragment (6.5 kb in wild
type; 4.9 kb in the mutant chromosome) from this region (Fig.
1, compare lane 3 with lanes 4 and 5). A reduction of 2.0 kb
in the size of a 13.4-kb BamHI fragment from the same region
was also associated with the terminal deficiency (data not
shown).
Two lines of evidence suggest that these size polymorphisms

are the result of a terminal deletion event in the Df(1)y-(1)
chromosome. Both polymorphisms are consistent with a de-
letion breakpoint removing 1.6 kb from the distal end of the
6.5-kb EcoRI fragment (this results in a loss of 2.0 kb from the
13.4-kb BamHI fragment). Furthermore, the polymorphic
fragments migrate as fuzzy bands (compare the 4.9-kb and
6.5-kb bands in Fig. 1, lane 4), consistent with the stochastic
nature of DNA loss over many generations from terminally
deleted chromosomes (12). Thus, it is likely that the distal
boundary of sequences essential for svr function is located
between coordinates +2 and +4 on the map of the svr region
presented in Fig. 2.

Additional evidence correlating svr function with sequences
in this region was obtained by Southern blot analysis of DNA
from flies homozygous for two viable svr alleles, svr73LI2
(isolated by M.M.G.) and svrPoi (13). Both mutations are
associated with alterations in the electrophoretic mobility of
EcoRI fragments located proximal to the fragment containing
the Df(1)y-(Q) breakpoint. The pattern seen in DNA from
svr73Ll2 mutants is consistent with the insertion of a 7.3-kb
transposable element (with an internal EcoRI site) into the
2.7-kb EcoRI fragment (Fig. 1, lane 1), whereas the pattern
seen with svrPTi is consistent with a 0.9-kb insertion into the
1.5-kb EcoRI fragment lying immediately proximal to the
2.7-kb fragment (Fig. 1, lane 2; Fig. 2). Additional restriction
fragment length polymorphisms are also seen in the DNA from
this region in the different mutant strains (data not shown).
However, in conjunction with data from Northern blot analysis
(see below), these findings support the hypothesis that these
aberrations are associated with svr gene.
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FIG. 3. Northern blot of mRNAs from adults (lanes 1-3), 0- to
12-hr embryos (even-numbered lanes 4-16), and 12- to 24-hr embryos
(odd-numbered lanes 5-17). Lanes 1-3 included RNA from wild-type,
svrl, or svrPoi flies, respectively, and were hybridized with a mixed
probe including the 6.5-, 2.7-, and 1.5-kb EcoRI fragments. Embryonic
mRNA blots were hybridized with probes from different restriction
fragments, including the 14.5-kb (lanes 4 and 5), 6.5-kb (lanes 6 and
7), 2.7-kb (lanes 8 and 9), 1.5-kb (lanes 10 and 11), 8.3-kb (lanes 12 and
13), 2.4-kb (lanes 14 and 15), and 4.8-kb (lanes 16 and 17) EcoRI
fragments.

A complex set of mRNAs is transcribed from the region
surrounding the svr mutation breakpoints. Northern blots of
RNA from 0- to 12-hr and 12- to 24-hr embryos (Fig. 3, lanes
4-17) revealed mRNAs of 1.5 kb, 2.5 kb, and 3.3 kb, as well as
a set of mRNAs 6-7 kb in length. Adjacent restriction frag-
ments detected these different size classes of mRNAs as
follows: 6.5-kb fragment (1.5, 2.5, 3.3, 6-7 kb); 2.7-kb fragment
(1.5, 2.5, 3.3, 6-7 kb); 1.5-kb fragment (2.5 and 3.3 kb faintly,
6-7 kb); and 8.3-kb fragment (6-7 kb only). Northern blots
probed with fragments of cDNA clones confirmed that all of
these transcripts shared common sequences, and the use of
strand-specific probes indicated that transcription was from
distal to proximal (data not shown). A large EcoRI fragment
(14.5 kb) distal of the 6.5-kb fragment also detected multiple
transcripts, although it is unclear whether these are related to
the family of transcripts described above. In mRNA from
pupae the set of transcripts detected by this distal region
appeared to comprise a slightly shorter version of the set of
mRNAs found in embryos, consistent with the possibility of an
alternative (smaller) first exon located in this region that is
spliced onto common exons located downstream (data not
shown). As previously reported (10), the 8.3-kb fragment as
well as the more proximal 2.4- and 4.8-kb fragments each
hybridized (Fig. 3, lanes 12-17) to mRNAs encoded by elav.
Thus, the svr and elav transcription units are most likely
adjacent to one another, although the structure of the small
transcript detected by the 8.3-kb fragment (lane 13) is still
unclear.
The correlation of svr gene expression with the family of

transcripts described above is strengthened by the observation
that production of these transcripts is altered in flies homozy-
gous for the mutant allele svrPi, which is associated with
aberrations in the DNA sequence of the 1.5-kb EcoRI frag-
ment. In svrPOi flies the large, 6- to 7-kb class of mRNAs is
completely absent (Fig. 3, lane 3). Preliminary evidence also
suggests that the svr73L-2 mutation results in significantly
reduced levels of svr mRNAs (data not shown), although it is
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FIG. 2. Map of the svr region. Indicated (from top) are orientation relative to chromosome, polarity and approximate location of the svr and
elav transcribed regions, location and size of EcoRI fragments, extent of Df(1)y-(1) deletion (heavy black arrow), location of BamHI fragment
sufficient for rescue (crosshatched bar), and scale in kilobases.
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not certain whether the transcripts produced are of normal
structure.

Final confirmation of the identity of sequences sufficient to
provide svr function was obtained by showing that a 13.4-kb
BamHI fragment of genomic DNA (Fig. 2), including the
entirety of the 6.5-, 2.7-, and 1.5-kb EcoRI fragments as well
as flanking sequences from the next most proximal and distal
EcoRI fragments, was able to completely rescue the lethal
phenotype associated with several alleles of svr, when intro-
duced into the Drosophila genome by P element-mediated
germline transformation (data not shown). The visible pig-
mentation phenotype was only partially rescued by these
constructs and may require downstream sequences not present
in the 13.4-kb BamHI fragment.

Sequence Analysis of the svr cDNAs. The 6.5-, 2.7-, and
1.5-kb fragments of genomic DNA from the svr region were
used as probes to screen for cDNA clones in a AZAP (Strat-
agene) library prepared from Drosophila embryonic mRNA.
Three phagemid clones (3, 6, and 15A) were rescued from
hybridizing phage for further characterization.
The three cDNAs fell into two classes with respect to their

patterns of hybridization to Southern blots of genomic DNA
fragments from the svr region (data not shown). cDNA 6
hybridized to the 6.5-, 2.7-, and 1.5-kb EcoRI fragments (Fig.
2), as well as to a 3.5-kb sequence that includes the proximal
half of the 6.5-kb fragment. It did not hybridize to the 9.0-kb
EcoRI fragment. cDNA 3 and cDNA 15A each hybridized to
the 6.5-, 2.5-, 1.5-, and 9.0-kb EcoRI fragments, but not to the
3.5-kb fragment mentioned above. Subsequent DNA sequence
analysis revealed that cDNA 6 was truncated proximally at a
native EcoRI site separating the 2.5-kb and 9.0-kb genomic
fragments and thus was most likely derived from a cDNA that
originally extended into the 9.0-kb fragment.
Because each of the three cDNAs contains (or is deduced to

have originally contained, as discussed above) sequences from
the 9.0-kb genomic fragment, and since Northern blot results
indicate that sequences from the 9.0-kb fragment are included
in only the large, 6- to 7-kb size class of mRNAs, we presume
that the cDNAs studied are derived from one or more of the
large mRNAs. The structure of the smaller transcripts is thus
uncertain at this time. None of the three cDNAs represents a
complete copy of the large transcript, but a composite se-
quence of 3956 nt can be derived by combining sequences from
the three overlapping clones (GenBank accession no. U29592).
Although not a complete copy of a svr mRNA, this composite
sequence includes a single large open reading frame encoding
a polypeptide of 1119 amino acids with a predicted Mr of
126,498.
Because the Southern blot results indicated a difference

between cDNA 15A and cDNA 6 with respect to hybridization
to the distal and proximal ends of the 6.5-kb genomic EcoRI
fragment, the sequence of the first 207 nt of cDNA 15A was
determined (GenBank accession no. U29591). This sequence
spanned the location of the alternative splice junction differ-
entiating these two cDNAs and revealed the functional con-
sequences of this splice with respect to the coding sequence
(see below). However, cDNA 15A is clearly truncated at its 5'
end and does not extend to an initiation codon. Thus, the
amino-terminal sequence of the polypeptide encoded by this
class of mRNAs remains to be determined.
The svr Gene Encodes Tandem Carboxypeptidases Ex-

pressed as Polyproteins. When the polypeptide encoded by the
composite cDNA was compared with a nonredundant set of
databases by using the FASTP algorithm on the BLAST network
server of the National Center for Biotechnology Information,
two domains closely related to the vertebrate nondigestive
carboxypeptidases M, N, and E (14-16) were revealed. These
two domains each comprise a complete carboxypeptidase as
judged from comparison with the vertebrate sequences. Inter-
estingly, an intron separates the sequences encoding the first

and second domains (data not shown; ref. 17). The svr gene
most likely encodes a third carboxypeptidase domain unique
from the first two, based on the 58-amino acid sequence
predicted from the sequence of the alternative 5' exon present
in the truncated cDNA clone 15A. Because the complete
sequence of this region is not yet available, it cannot be stated
with certainty that there is a third complete domain. If there
were, the alternative splicing event would result in an mRNA
encoding a polyprotein in which the amino-terminal part of the
first carboxypeptidase domain would be unique, with the
remainder shared in common between the two splice forms.
We have designated these three putative carboxypeptidases as
CbpDm-Ib (the amino-terminal domain encoded by the com-
posite cDNA), CbpDm-II (the carboxyl-terminal domain), and
CbpDm-Ia (the putative carboxypeptidase based on the partial
sequence from cDNA 15A). An alignment of these three
polypeptide sequences with the human carboxypeptidases is
shown in Fig. 4.
Remarkably, the carboxyl-terminal portion of the svr-

encoded polypeptide (residues 842-1119) comprises yet a
fourth highly diverged carboxypeptidase domain (referred to
as CbpDm-III in Fig. 4). Although this domain is truncated
with respect to the full-length carboxypeptidase sequences by
a termination codon, there is significant conservation of amino
acid sequence in several regions. It is highly unlikely that this
fourth domain has enzymatic activity, as discussed below.
The sequence of a Drosophila genomic DNA fragment

encoding part of a carboxypeptidase E homologue was recently
reported (ref. 17; GenBank accession no. U03883). This
fragment is clearly identical to the 1.5-kb EcoRI fragment of
the svr gene (Fig. 2) and encodes residues 425-695 of the
predicted svr polypeptide, comprising slightly less than the
amino-terminal half of the second (CbpDm-II) carboxypepti-
dase region.

It is not possible from sequence alignments to make an
unambiguous correlation between the three Drosophila car-
boxypeptidase domains and carboxypeptidases N, E, and M.
Evaluations of similarity depend significantly on which specific
regions are chosen for analysis. However, it is clear that
carboxypeptidase domains CbpDm-Ib and CbpDm-II have
diverged significantly from each other, and that at many
positions each is more similar to one of the vertebrate enzymes
than it is to the other Drosophila sequence. By most criteria,
CbpDm-Ia is more similar to CbpDm-Ib than to any of the
other enzymes, but it is still significantly different, and a final
analysis must await the determination of the remainder of the
sequence. Ultimately, biochemical and immunolocalization
experiments will be essential for determining which of these
enzymes, if any, is the likeliest functional homolog for specific
vertebrate carboxypeptidases.

Inspection of the predicted amino acid sequence reveals
several relevant features in common between the Drosophila
protein and the vertebrate carboxypeptidases, including a
signal peptide with predicted cleavage site (18) after Gly25.
Furthermore, each of several highly conserved residues with
roles in the enzymatic activity of carboxypeptidase (14) is
present in the CbpDm-Ib and CbpDm-II sequences (Fig. 4).
The conserved histidine at position 101 in CbpDm-lb is
replaced by-a glutamine in CbpDm-la, although the adjacent
conserved residues are present. CbpDm-Ia protein may rep-
resent a novel form of carboxypeptidase, it may be nonfunc-
tional, or the single nucleotide change responsible for this
alteration may be the result of an error during reverse tran-
scription of cDNA 15A. Further experiments are needed to
discern which of these possibilities is correct. None of the
highly conserved residues is present in the very diverged
CbpDm-III carboxyl-terminal domain, although both of the
two regions of CbpDm-III with the greatest similarity to the
other carboxypeptidases are located immediately adjacent to
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cbpkm-lb ........ ..ptlgll fasigiavla mgvphcrgyt ikedesflqq
Cpb i..-II....... ----.-klkk qfngfltptk
cbpr.-III. ....... ddpqhwasan dfriienvVn
Cbpe magrggsall alcgalaacg wlLgaeaqep gapaagmrrr rrlqqedgIs
Cbx a .......... ....... glw lgLllplvas ldf ....... ..

Cb.n msdllsvfl hlLll ..... .......... ..vapVt
CONS- ---------- --L------- ---------- --------v-

40 50 60 70 80
CbpDm-lb phYasqEqLE dlfagLekaY PnqakVhflG RSLEPnla LqISrntrsr
CpbrM-II YehHnFtaNE SYLr&aSSSY PsLTRLYSIG KSVqGRdLWV LEIfatPGsH
CbpDm-III trYHtnpqvr arLaeL4nqn gqIas.Fgya dSefGtifny LkNTsdiGep
C±pe FeYHRYpeLr eaLvsvWlqc taIsRIYTVG RSfEGReLlV IELSdnPGvH
Cbpm .nYHRqEgtE aPLktV4qnY ssVThLhSIG KSVkGRnIv LvVgrfPkeH
Cbpn FrhHRYDdLv rtLykVqnec PgITRVYSIG RSVEGRhLyV LEfSdhPGiH
CCNS f-YHRfe-LE --L--V---Y P-ITRvYSIG RSVEBR-LWV LEiS--PG-H

90 100 110 120 130
Cbprm-lb rnlltPpvKYI ANKHGdEt.V GRqLLVYIAq YLlgnheris D.LgqLVNST
Cpbn-II vPGvPEFKYV ANNHGNEv.V GKLLLiLtk YNlErYgn.d DrItkLVNgT
Cbprm-III EehkykllvV ssLydttApL GREILLnLir hLvEgFklqd tsWeLLkrS
Ckprx-Ia ....... K1V ANiqGdEA.V GRqMVLYMAE YLathYdgdp k.VqaLtNlT
Ctpe EPGePEFKYI gNHONEAVY GRELLIFLAq YLcneYqkgn EtIVnLIhST
COpm riGiPEFKYV ANHGdEt.V QUEL3lLIiD YLvtsdgkdp E.ItnLINST
Cbpn EPlePEvKYV gN4HGA. L GREUfsE FLcEeFrnrn qrIVqLIqdT
CCNS EPG-PEFKYV AMNIiA-v GRELLThAE YL-E-Y---- E-IV-LINST

140 3-50. 160 170
Cbprm-lb dIylVP. .TW NPDGy4asqe gnceslpnyV GRgNAPnIDL NRdFPP..
CpbI-II RMHFLy..H WDGTEisie gdrtgg...V GRaNAhGIDL NNFPDq...
Cbprm-III vIyFLPqtSk fqnvFrnyns ntsicdp.vL GdelAerl............
CbpDm-Ia eIHFLP ...c NPDGFekAk.
Cbpe RIHiMP. SL NPDGF& Aas qpgelkdwfV GRsNAqGIDL NRNFPDldri
Chpm RIHiMP ..SM NPDGFEavkk pdcy .,.ysI GReNynyDlNPD....
Ckpn RIHiLP. . SM NPDGYEvAaa qgpnkpgylV GNianGVD NiMNPDlnty
CONS RIHFLP--SK NPDGFE-A-- -------V GR-NA-GIL NRNrPD----

180 190 200 210
Cbpnm-lb .......... ..... rleqs hvhqlraqsr qPETaALVnW IvSkPFVLSA
CpbDm-II .YgtDrf ... .......... ...... nkvt EPEvaAVMZW tlSlPFVLSA
cpIn-III .......... ....... gpet DqalcdvfLqf LrSerFdlTml
Cbpe vYvnEkeggp nnhl .. lNm kkivdqntkl aPETkAVIhW ImdiPFVLSA
Chpmx .. ........... afeyNn v. sr qPETvAVW LktetFVLSA
Cbpn i3YynEyggp nbblplpdNw k. sqv EPETrAVIrW MhSfnFVLSA
CONS -Y--E----- --------N- ---------- EPET-AVi-W i-S-PFVLSA

220 230 240 250
CbpDm-b NfHGGAVAs YPYDnsl ah necc ........... eeSlT PDDrVFkqLA
CpbEi-II NUIGGsLVAN YPFDdnendf ndpfmrlms singrkpnpT enaLFkhLk
Cbplm-III tfgaGnsdlN YP .................. .......... kgDsVlekfA
Cbpe NLHGGdLVAN YPYDet ............. r sgsaheySsS PDDaIFQsLA
Cdpm NLiGGALVAs YPFIngvqat galy ........... srSlT PDDdVFQyLA
Ckpn NLHGGAVVAN YPYDks .... .... fehrvr gvrrtasTpT PDDkLFQkLA
CONS NLHGGALVAN YPYD------ ---------- -------S-T PDD-VFQ-LA

Cbplm-lb
Cpblm-II
CUbpIh-III
Cbpe
cbpn
Cbpn
CCNS

260 270 280 290
HtYSdnHPiM rkGnnC.... nD..sFsgG ITNAhWeL SGQ$QDFNYa
giYSnaHPtM ylGqpCelfq ne... FFPDG ITNGAqWSV TGQOQDwNYV
H ................ rin rtEfnYsPlq cppsATrqlh retterltnM
raYSsfnPaM sdpnrppcrk ndDdssFvDG tTNGgaWYSV pGGMQDFNYL
HtYasrnpm klcGdeC ...).akmnpiF V1MyswypL qGoQDYNYI
kvYSyaHgN fqG....... wncgdYFPDG ITASWYSL SkcQIQDFNYL
H-YS--HP-M --G--C---- --d--yFPDG ITNGAsWYSL sGGOQDFNY1

300 310 320 330 340
crpDm-lb fsNCFEL... TIELSCrKYP aastLpqeWq rNKaSLLQ1L rQaHiGIKG1
CpbIm-II ragClEL... TID(gydKFP kaaeLsrYWe dhRepLLQFI EQVHcGIhGf
Cbpkn-III myriYhLpvy TLgISCCRmP hqkklIaSFga ktsirLrtFw 1
Cbpe ssNCFEI... TVELSCeKFP pEEtLkTYWe dNKnSLIsYL EQIHrGVKGf
Ctpn waqCFEI... TLELSCCKYP rEEkLpSFWn nNKaSLIeYI kQVHlGVKGq
Cbpn htNCFEI... TLELSCdKFP pEEeLqreWl gNReaLIQFL EQVHqGIKGm
CONS --NCFEI--- TLELSCCKFP -EE-L-s-W- -NK-SLIQFL EQVH-GIKG-

CbpDm-lb
CpbJm-II
Cbe
Cbp
Cbpn
CONS

C>bpm-lb
CpbDm-II
Cbpe
Cblp
Cbpn
CCNS

350 360 370 380 390
VtDasGfPIA dAnVyVaGLe ek.pa,rTsKr GEYWRLLtPG lYsVhASAfG
VhstiGtPIA gAWrLdGan Hsty..Sqvf GDYWKLaLPG rhnLTvlgdn
VrDlqGNPIA NAtIsVeGId Hdvt..Sa}d GDYWRLLIPG nYkLTASAPG
VfDnGNPIp NvIVeVqdrk HicpyrTnxy GEYylILLPG sYiInvTvPG
VlDenyNnLA NAVIsVsGIn Hdvt..Sgdh GDYfRELLLPG iYtVSATAPG
V-D--GNPIA NAvV-V-Gi- H-----S-K- GDYWRLLLPG -Y-vtAsAPG

400 410 418
Yqtsapqqvr vtndnqealr ldfkLaPvet nfdgnfrkvk verseppq
YaPlrmeVeV Pdvhpfemrm dItlNp
YlaitkkVaV Pyspaagvdf eLesfserke eekeelmeww kumsetlnf
hdPhitkViI Peksqnfsal kkdiLlPfqg qldsipvsnp scpmiplyrn
YdPetvtVtV gpaeptlvnf hLkrsiPqvs pvrrapsrrh gvrakvqpqa
Y-P----V-V P- 1-P-

Cbpa lpdhsaatkp slflflvsll hiffk
Cbpn rkkememrql qrgpa

FIG. 4. Amino acid sequences of the polypeptide encoded by the
composite svr cDNA sequence, separated into the two complete
(CbpDm-Ib and CbpDm-II) and one partial (CbpDm-III) carboxypep-
tidase domains as well as the partial amino-terminal domain encoded
by the alternative exon represented by cDNA 15A (CbpDm-Ia) are
aligned with the sequences of the human carboxypeptidases E, M, and
N (Protein Identification Resource accession nos. S09489, A32619,
and S02074, respectively). The consensus sequence (CONS) repre-
sents positions at which there were at least three occurrences of similar
(lowercase in consensus) or identical (uppercase in consensus) amino
acid residues (similar residues include D/E, I/L/M/V, K/R, S/T, and

the positions defined by conserved residues Glu'04 and Glu305
in the CbpDm-Ib domain.
None of the previously known nondigestive carboxypepti-

dases are expressed as polyproteins, although there is evidence
for posttranslational cleavage of at least one, carboxypeptidase
E (16). Thus, it would seem unlikely that the Drosophila
proteins remain in their dimeric state after synthesis. There is
a consensus cleavage site, Lys-Leu-Lys-Lys at positions 440-
443 (19, 20), for the subtilisin/kexin family of serine endopro-
teases located between CbpDm-Ib and CbpDm-II. Thus, Cbp-
Dm-Ib (or CbpDm-Ia) may be cleaved posttranslationally from
CbpDm-II and perhaps autocatalytically remove the terminal
lysine residues from CbpDm-Ib (or CbpDm-Ia).

Polyprotein enzymes are extremely unusual in nonviral
higher eukaryotic animal systems, although there are examples
of structural polyproteins, such as ubiquitin and profilaggrin
(21, 22). It may be significant from an evolutionary perspective
that the one group of animal polypeptides commonly found as
part of polyproteins., the neuropeptide hormones, are joined in
this category by one of the enzymes that processes them.

Since a significant portion of _bpDm-II is en-coded in the
9.0-kb fragment, it is likely, that the smaller transcripts, which
are presumably terminated or polyadenylylated in sequences
arising from the 1.5-kb fragment, encode either Cbppmn-Ia or
CbpDm-Ib. Isolation and characterization of polyadenylylated
cDNAs representing the smaller mRNAs will be necessary to
precisely determine their coding potential.

DISCUSSION
Carboxypeptidases play an essential role in the processing of
numerous neuropeptide hormones, as well as other bioactive
peptides and proteins. These exopeptidases function by re-
moving one or two arginine or lysine residues from the
carboxyl-terminal ends remaining after endoproteolytic cleav-
age of proprotein precursors, resulting in activation, inactiva-
tion, or modulation of the biological activity of the substrate
peptides. Different members of the family of proprotein-
processing carboxypeptidases are expressed in a tissue-specific
manner in higher vertebrates, each serving a specific role:
carboxypeptidase E functions in the processing of peptide
hormones and neurotransmitters in secretory vesicles; car-
boxypeptidase M acts as a membrane bound protease on the
surface of many cell types, potentially to modify the structure
and activity of precursor peptides before or after they interact
with cell surface receptors; and carboxypeptidase N is secreted
into the plasma by the liver, where it serves to inactivate
peptides such as anaphylatoxins and kinins released into the
circulatory system.
The svr gene potentially encodes three alternative car-

boxypeptidases. Despite this intriguing numerical coincidence,
no firm correlation can be drawn between these and the three
vertebrate enzymes on the basis of amino acid sequence
homologies, since sequence comparisons between the verte-
brate enzymes and different regions of the svr-encoded protein
lead to different conclusions. Nonetheless, it is clear that
Drosophila can express more than one type of carboxypepti-
dase and that these enzymes differ in sequence from each
other as significantly as they do from the vertebrate enzymes.
Further investigation of the enzymatic properties and cellular

F/Y). Amino acid residues that are identical or similar to the
consensus appear in uppercase type. Numbers indicate the position of
amino acid residues in the CbpDm-lb domain, beginning at the amino
terminus of the svr polypeptide. Highly conserved residues critical for
carboxypeptidase activity are indicated by stars below;the consensus
sequence. Putative endopeptidase cleavage site between domains
CbpDm-lb and CbpDm-II is underlined at beginning of CbpDm-II
sequence. GenBank accession nos. for the silver sequences are U29591
and U29592.



Proc. Natl. Acad. Sci. USA 92 (1995)

distribution of the various forms will be required to determine
whether the Drosophila enzymes share functional homologies
with specific vertebrate counterparts.

There is a clear biological requirement for a carboxypepti-
dase E-type activity in Drosophila, given the large number of
neuropeptides known to modulate various physiological pro-
cesses in insects. The recent cloning from Drosophila or other
insect species of the genes encoding many of these neuropep-
tides (23-34) makes it possible to identify the likely sites of
endoproteolytic cleavage of the precursors by the well-
characterized preprotein convertases of the subtilisin/kexin
family (35). In all cases except for prothoracicotropic hormone
and eclosion hormone, in which the mature neuropeptide
comprises the carboxyl-terminal portion of the precursor, it is
clear that a carboxypeptidase E-like activity is essential to
remove the terminal basic residues from the prohormone.

In vertebrate systems, expression of carboxypeptidase E is
strongly correlated with sites of neuropeptide synthesis (36).
Preliminary Northern blot data (S.H.S., unpublished work)
indicates that Drosophila heads are significantly enriched in svr
mRNAs with respect to bodies, as would be expected for
expression in the adult central nervous system. The location of
the small number of specific neurons in the Drosophila central
nervous system that interact with antibodies against several
neuropeptides has been determined (37), and it will be of
interest to examine the possibility of a correlation between the
expression of the various carboxypeptidases encoded by the svr
gene and neurons expressing specific prohormone precursors.
The phenotype of svrPoi mutants, which lack the 6- to 7-kb

size class of mRNAs, suggests that the CbpDm-II carboxypep-
tidase, while playing a role in melanization and wing devel-
opment, is not essential for viability. This may be indicative of
a specialized role for each of the Drosophila carboxypeptidases
in specific physiological processes or, alternatively, may reflect
functional redundancy of the enzymes, with any of the forms
providing the minimal function required for viability.
The large number of potential neuropeptide targets for the

svr carboxypeptidases is consistent with the pleiotropic phe-
notype of some hypomorphic svr alleles and the lethal effect of
other alleles. Strong alleles would be expected to be lethal due
to catastrophic effects on neuropeptide maturation, particu-
larly if the svr gene were the only source of this type of
carboxypeptidase. Specific phenotypic effects on pigmenta-
tion, wing shape, catecholamine pools, and photonegativity all
may reflect different alterations in neuropeptide processing,
although it is not yet possible to specify any particular causal
relationships. It is tempting to speculate that defects in pro-
cessing a Drosophila homolog of neuropeptides controlling
melanization, such as those found in other insects (38, 39),
might be responsible for the reduced pigmentation seen in svr
mutant flies. However, neither the identity nor the role of
melanizing hormones in Drosophila has been established. The
characterization of these and other potential neuropeptide
targets of carboxypeptidase processing will be essential for
fully understanding the role of the svr gene in Drosophila
development.
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